The nature of long-range interactions between dust grains in plasma is discussed. The dust grain interaction potential within a cell model of dusty plasma is introduced. The attractive part of intergrain potential is described by multipole interaction between two electro-neutral cells. This allowed us to draw an analogy with molecular liquids where the attraction between molecules is determined by dispersion forces. The main ideas of the fluctuation theory for electrostatic field in a cell model are formulated, and the dominating contribution to the attractive part of intergrain potential is obtained.
Introduction
Dusty (complex) plasma consists of a weakly ionized gas (plasma) and charged submicron-and micronsized particles (grains). It represents a new type of soft matter. It is an interdisciplinary field of research: geophysics, geology, meteorology, ecology, planetary science, different applications in technology -dusty plasmas can bring new results to all these directions. Progress in the research of dusty plasma properties is documented in resent monographs [1] [2] [3] [4] [5] [6] [7] [8] [9] and review articles [10] [11] [12] [13] [14] [15] [16] . However, there are still problems to be solved. Dust grains being highly charged (up to 10 6 elementary charges per grain) substantially affect the properties of the whole system. Dust grains can be either positively or negatively charged. The processes of charging are very important in the theory of dusty plasma. However, we will not consider them in the present paper (for this purpose see the above mentioned references and the recent article by the author [17] ). Under certain conditions, dust grains can form various condensed ("plasma crystal" and "plasma liquid") or gaseous phases depending on the relative strengths of the intergrain interaction. In a theoretical research, the problem of describing an intergrain interaction and phase transition in a subsystem of dust grains holds an important position.
The forces that govern the dust grains do not correspond to a direct Coulomb interaction and are longrange ones (see e.g., work [18] ). Thus, in the present paper the model intergrain potential is proposed that predicts both the repulsion (at small distances) and the attraction (at large distances) between the dust grains. The cell approach to dusty plasma discussed in work [17] plays an essential role in our construction. It allowed us: (i) to create a simple theory of charge fluctuations and (ii) to study a long-range interaction between the dust grains. The approach presented can be used to describe the interaction effects in similar systems such as the mixture of ionic and nonionic liquids [19] , where spherical clusters occur.
The article is built as follows. In section 2, basic statements of the cell model and some results obtained in [17] are reviewed. In section 3, we present a model intergrain interaction potential. In order to establish the main contribution to the attractive part of intergrain potential, we consider an electroneutral cell in the external electric field in section 4, where the dipole polarizability of a cell is obtained. Then, in section 5 we present the principles of construction of the fluctuation electrostatic field inside and outside a cell and obtain fluctuation multipole moments of a cell. Moreover, the fluctuation dipole moment is obtained and the main contribution to the attractive part of the intergrain potential is presented in the explicit form. A brief discussion of the obtained results is presented in the concluding section 6. In appendix A, we get an expression for the potential of the fluctuation electrostatic field inside a cell. In appendix B, the energy of the fluctuation electrostatic field is obtained.
The cell model of complex plasma
Let us consider a system of charged dust grains of the same radii r p and the emitted electrons. The dust grains have an average charge Z e (e is the electron charge). The system is in a thermal equilibrium (thermal plasma). We assume that the complex plasma can be represented as the collection of electro-neutral cells due to its electro-neutrality. Each cell contains only one dust grain. In the mean field approximation, the cells should have a spherical form of the radius
where n p is an average dust grain density. Note, that such an approach is applicable only for describing the equilibrium thermodynamic properties of a dusty plasma.
The electro-neutrality condition for a cell is as follows:
where ρ(r) is the volume-charge density, the distance r is reckoned from the center of a grain. where τ c is the time required for the formation of an electro-neutral cell around the grain, τ * is the characteristic macroscopic relaxation time for a system. This inequality expresses the fact that the electron mobility substantially exceeds the mobility of other plasma components.
Reference [17] discusses the system of identical dust grains of the radius r p with the mean charge Z e, which are in equilibrium with the emitted electrons, without an external electric field. The problem of proper boundary conditions for such a model is also considered therein. It is shown that (i) setting the electrostatic potential φ equal to zero on the surface of a cell and (ii) connecting the electrostatic field strength on the surface of a grain with its average charge are sufficient conditions for a full description of a system:
where σ is the average surface charge density on a dust grain. Note, that there is no electric field outside a cell due to the Gauss law.
For a further analysis in [17] , the dimensionless variables 
Here, Z 0 = kTr p /e 2 (typical values of Z /Z 0 ∼ 2−4 [15] ) and λ is the dimensionless Debye radius defined as
where n e0 is the mean density of the emitted electrons for φ 0 (r ) = 0, i.e., on the boundary of a cell (for r = r c or, in dimensionless form,r = ς). The buffer gas is not taken into account here. Note, that in the presented cell model dust grains do not take part in the screening.
The equation (2.2) allows one to establish the dependence of Debye radius λ on the average dust grain charge Z , as it is also shown in [17] . The dependence λ = λ(Z ) is set as a root of the equation
In the mean-field approximation described above, there is no interaction between the cells. However, as it is shown below, the charge fluctuations (beyond the mean-field cell approach) can lead to the interaction between two electro-neutral cells.
Averaged potential of multipole interaction between dust grains
The equilibrium value of the dust grain charge is mainly violated by the thermal electron motion. Therefore, the fluctuation electric multipole moments of cells occur and generate long-range electric fields.
The electric field of one cell acts on its neighbours and generates interaction effects, which are similar to a dispersion interaction between neutral atoms (molecules). In particular, there are two interaction mechanisms:
1. The fluctuation field of one cell polarizes the neighbour one. Therefore, the second cell gains a certain value of induced multipole moments. The latter interact with multipole moments of the first cell. The average value of such an interaction is an analogue of a dispersion interaction between neutral atoms (molecules):
where index "mim" denotes the interaction between multipole and the induced multipole.
2. The interaction of fluctuation multipole moments of both cells. The average value of such an interaction is determined in a different way:
where β = 1/kT .
It is easy to ascertain that both components lead to the attraction between "plasma atoms" (i.e., electroneutral spherical cells). The dominating contribution in both cases is determined by "dipole-dipole" interactions, decreasing as 1/R 6 (R is an average distance between the centers of two grains). At the same time, since the grains have charges of the same sign, repulsion forces arise at distances R < 2r D , where Coulomb repulsion between dust grains is not screened. This allows us to qualitatively model the interaction between two cells (i.e., grains) with the potential
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where U r (R) and U a (R) are the repulsive and the attractive parts of U (R), respectively. The repulsive part of U (R) is modelled by the combination of the hard-core potential (the radius of hard-core coincides with the radius of a grain r p ) and the potential of Coulomb repulsion at distances 2r p < R < 2r D :
The attractive part U a (R) is conditioned by the forces of an electric multipole interaction:
The proposed interaction potential can lead to the formation of ordered structures for certain values of temperature and dust grain density. It should be noted that the random distribution of dust grains in the volume is not taken into account. Thus, the proposed approach could be applied to the regular homogeneous grain distribution (like in the case of dust crystals).
Let us determine the dominating contributions to Φ 1 (R) and Φ 2 (R) according to (3.1) and (3.2).
"Dispersion" intergrain interaction
The average energy of electrostatic "multipole-induced multipole" interaction is determined according to (3.1) as follows: 
(3.4)
Electrostatic multipole intergrain interaction
The average value of the direct electrostatic multipole interaction given by (3.2) can be represented as follows:
Here, coefficients A i (i = 6, 8, 10, . . .) are expressed through the average values of square multipole moments of a cell. To get the "dipole-dipole" contribution, we can follow the authors of work [20] where the dipole fluid is considered. Thus,
The rest contributions to (3.3) and (3.5) require a more detailed analysis and will be considered in a further paper.
Dipole polarizability of a cell
In the previous section, the model potential of intergrain interaction U (R) has been introduced. This section is devoted to the dipole polarizability α of a cell. For this purpose, let us consider the reaction of electro-neutral cell to an external electric field E 0 . The latter polarizes a cell and it gains the polarization vector P = αE 0 . On the other hand, the polarization vector is a dipole moment of the unit cell volume: P = r · ρ(r)dr, (4.1) where the volume-charge density ρ(r), as it was noted in section 2, is connected with the electrostatic potential φ(r) by the Boltzmann distribution. In the presence of an external electric field (as opposed to the case considered above) the distributions of ρ(r) and φ(r) lose their spherical symmetry: ρ(r) ⇒ ρ(r, ϑ), φ(r) ⇒ φ(r, ϑ). Here, ψ 0 is the isotropic part of ψ(r , ϑ), determined by equation (2.6). The angular part ψ f (index "f" expresses the fact that this part of the potential is due to an external electric field) is proportional to cos ϑ and is equal to 
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Therefore, after integration and comparing the result with P = αE 0 , we obtain α = r
The dependence of α/r 3 p on r c /r p is shown in figure 1 . Note, that the value of Debye radius λ for a corresponding Z is determined from equation (2.8). Therefore, polarizability α also depends on the average dust grain charge Z . Indeed, one can see that substitution of the potential (4.3) into (2.2) instead of (2.6) also leads to (2.8), so far as the integration over the angular part gives zero.
Fluctuation multipole moments of a cell
In this section we introduce the method which allows one to construct the fluctuation electrostatic field inside and outside an electro-neutral cell. Moreover, a fluctuation dipole moment is obtained and the main contribution to the attractive part of inter-grain potential is presented in explicit form. The fluctuation theory of electrostatic field for the case of ellipsoidal cells will be the subject of a separate report.
Principles of construction of the fluctuation electrostatic field
The electrostatic field deviates from its equilibrium value described in section 2 due to fluctuations. Thus, let us consider two areas: inside (interior) and outside (exterior) a cell. We assume that the potentials of the fluctuation electrostatic field in the interior and exterior, φ in (r) and φ ex (r), respectively, satisfy the linear equations of the same type as the averaged potential φ 0 (r ):
and ∆φ ex (r) = 0.
It is supposed that the Laplace equation is proper in the exterior, as far as the whole dust grain charge is in a cell.
According to the form of equations (5.1) and (5.2), we claim that potentials ψ in ≡ eφ in /kT and ψ ex ≡ eφ ex /kT have the following structure:
nm and C (2) nm are the unknown coefficients, I n+ The interconnection between the coefficients C (1) nm , C (2) nm andD nm is determined from the conditions for continuity of potential and strength of the fluctuation electric field on the surface of a cell (see appendix A):
According to the thermodynamic fluctuation theory [21] , the average value of square multipole moments of a cell is
where χ n are the coefficients in the expansion of fluctuation electrostatic field energy W el :
The explicit form of W el is discussed in appendix B. Thus, the comparison of equations (5.7) and (B.1)
immediately gives us 8) where the coefficients a i (1, n) 
are determined by equations (A.1) and (A.2).
Fluctuation dipole moment of a cell
The dipole moment d of a cell required to determine the dominating contributions to the intergrain potential (see section 3) is obtained after setting in the expression for multipole moments n = 1, i.e., |d| = D 10 . Therefore, the expressions (A.1) for coefficients a 1 (r , n), a 2 (r , n), b 1 (r , n) and b 2 (r , n) read as follows: after a simple calculation, we have
Let us consider the result obtained.
The mean-square value of a fluctuating dipole moment decreases when the dust grain charge increases (see figure 2) . Note, that this result is correct for charges Z /Z 0 that are not very small. This limit is due to a general restriction on our approach: r D < r c . The case r D > r c corresponds to a rarefied gas, and thus the distribution functions for low-density plasma should be used. The dipole-dipole contributions to the attractive part of interaction potential [equations (3.6) and (3.4) ] are presented in figure 3 . One can see that for small charges, the contribution Φ 2 exceeds the contribution Φ 1 at small intergrain distances. With an increase of the dust grain charge, the polarizability of a cell (4.4) increases (see figure 1) , and the contributions Φ 1 and Φ 2 become comparable. These contributions together, Φ 1 + Φ 2 , lead to the formation of a potential well having the depth ∼ kT .
Conclusion
The main results and conclusions of this paper are as follows.
(i) The nature of long-range interaction between dust grains in complex plasma is discussed. It is supposed that plasma is a combination of electro-neutral cells of equal radius (mean-field approximation).
( (iii) It is shown that the contributions of direct "dipole-dipole" interaction and "dipole-induced dipole" interaction form the potential well having the depth ∼ kT . Multipole contributions of higher order lead to a further deepening of this well.
In molecular liquids, the attraction is determined by dispersion forces which decrease as 1/R 6 . The interaction between electro-neutral cells is similar to that in liquids. Thus, we expect that the grains in complex plasma form quasi-crystal structures like the molecules of argon in the transition to a solid state. The mechanism of ordering for solid argon is scrupulously considered in work [22] . A detailed analysis of the proposed potential will be the subject of a further work. It is necessary to note that "plasma atom" is not fully similar to electroneutral molecules: it is more "soft". Thus, the use of a mean field approximation is incorrect for some problems. The characteristic example here is a problem of charge oscillations in dusty plasma. To determine the interaction potential between "plasma atoms", we consider charge fluctuations which is also out of the mean field approximation. However, these fluctuations are small compared to the mean field profile of a charge as for the case of charge fluctuations generating disperse forces in molecular liquids.
A. Fluctuation electrostatic field inside a cell
By substituting the expressions (5.3) and (5.4) in the continuity conditions (5.5), we get the following combined equations: 
B. Energy of fluctuation electrostatic field
The energy of fluctuation electrostatic field is determined either by a field in the interior or by a field in the exterior: Here, the summation over indexes i , j = 1, 2 occurs.
